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α-GeTe(111) is a non-centrosymmetric ferroelectric material, for which a strong spin-orbit inter-
action gives rise to giant Rashba split states in the bulk and at the surface. The detailed dispersions
of the surface states inside the bulk band gap remains an open question because they are located in
the unoccupied part of the electronic structure, making them inaccessible to static angle-resolved
photoemission spectroscopy. We show that this difficulty can be overcome via in-situ potassium
doping of the surface, leading to a rigid shift of 80 meV of the surface states into the occupied
states. Thus, we resolve in great detail their dispersion and highlight their crossing at the Γ¯ point,
which, in comparison with density functional theory calculations, definitively confirms the Rashba
mechanism.
I. INTRODUCTION
The electronic band structure in solids with both in-
version and time-reversal symmetries (TRS) is at least
doubly degenerate with respect to the spin degree of free-
dom. In systems where the inversion symmetry is broken,
this degeneracy can be lifted by the spin-orbit interaction
(SOI). Rashba and Bychkov have theoretically described
this phenomenon by considering a two-dimensional elec-
tron gas subject to an external out-of-plane electric field1.
The resulting energy levels are split by a linear term in
momentum k : E±(k) = E0 + (h¯2k2/2m?) ± αR |k|,
where m? is the effective mass of the electrons and αR is
the Rashba parameter reflecting the magnitude of this
so called Rashba effect. The Rashba effect was first
observed by angle-resolved photoemission spectroscopy
(ARPES) at the surface of Au(111), where the Shockley
state shows a momentum-dependent energy splitting2.
Subsequently, spin-resolved ARPES confirmed its pre-
dicted in-plane spin polarisation3. Similar experimental
investigations on other surfaces and interfaces, with vari-
able splitting magnitude, have been performed4–19. More
recently, work has been done on BiTeX (X = I, Cl, Br)
polar semiconductors, where the first evidence of giant
bulk Rashba split states was observed by ARPES and
spin-resolved ARPES20–26 .
In recent decades, an increasing amount of research has
been carried out aiming to enhance the control of spin
polarised currents in nanostructured materials. Rashba
systems have appeared as an ideal playground to address
these concepts and have been recently used as an effi-
cient spin to charge converter in prototype spintronics
devices27–29. The synthesis of new materials with giant
and tunable Rashba split electronic states, adjustable
position of the chemical potential and, ideally, spin-
polarised states crossing the Fermi level (EF ), is highly
desirable in the view of future applications in the growing
area of spintronics30.
In this context, α-GeTe(111) is a promising
compound31. It is a ferroelectric semiconductor
which exhibits spin-polarised bulk and surface split
electronic states with the largest Rashba parameter
currently reported, and has been termed a ferroelectric
Rashba semiconductor (FERS)32,33. Bulk and surface
states are Rashba split due to out-of-plane inversion
symmetry breaking and large SOI.
Considerable work has been carried out to exper-
imentally characterise the electronic band structure
of α-GeTe(111), in particular its bulk Rashba split
states34–36. Spin-resolved ARPES measurements have
experimentally confirmed the link between the spin tex-
ture and the ferroelectricity, demonstrating that the spin-
polarised band structure can be reversibly manipulated
either by modifying the surface termination37 or with an
electric field38. Since ARPES experiments can only probe
the occupied part of the band structure, these studies
have mainly focused on the bulk states, and the surface
states still lack a complete and direct experimental char-
acterisation. In particular, their detailed dispersion at
the Γ¯ point of the Brillouin zone (BZ) remains unknown
because the states are located in the unoccupied part of
the band structure. Direct measurements of the surface
states is an important point to address in order to fully
understand the electronic band structure of the system,
and to test the validity of current theories.
In the present work, we show that the surface states
of α-GeTe(111) can be shifted down to EF and experi-
mentally addressed with ARPES via in-situ surface de-
position of potassium (K). Their complete dispersion is
resolved by taking advantage of the electronic thermal
occupation at room temperature (RT). In particular, we
resolve their crossing point (CP) at Γ¯, thus confirming
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2the TRS conservation and the Rashba picture. We fur-
ther demonstrate their non-parabolic dispersion, in ex-
cellent agreement with density functional theory (DFT)
band structure calculations. We show that the Rashba-
type splitting is unaffected by the electron doping, allow-
ing us to extrapolate the energy position of the surface
states on the bare α-GeTe(111).
II. METHODS
Two hundred nanometers-thick α-GeTe(111) films
were grown by molecular beam epitaxy (MBE) on
InP(111) substrates and then characterised in a differ-
ent experimental setup, coupling a surface preparation
chamber, with low-temperature scanning tunneling mi-
croscopy (LT-STM), X-ray photoemission spectroscopy
(XPS) and ARPES techniques. To avoid surface degra-
dation and oxidation during the transfer between the
two systems, a protective stack of amorphous Te and Se
capping layers was deposited in-situ after MBE growth
and subsequently removed in ultrahigh vacuum (UHV)
in the STM/XPS/ARPES system in a base pressure of
7 × 10−11 mbar at 500 K. Note that in contrast to
(Bi1−xSbx)2Te339, for α-GeTe(111) a pure Te cap does
not provide satisfactory results.
The low-temperature (4.5 K) STM images were ob-
tained using an Omicron LT-STM, in a pressure better
than 5 × 10−11 mbar. The low-energy electron diffrac-
tion (LEED) patterns were recorded with a SPECS Er-
LEED at RT and 80 eV. ARPES measurements were
performed using a Scienta DA30 photoelectron analyser
with monochromatised HeIα radiation (hν = 21.2 eV,
SPECS UVLS with TMM 304 monochromator) and at
RT, if not further specified. Energy and angular reso-
lutions were better than 10 meV and 0.1°, respectively.
XPS measurements were carried out with a monochroma-
tised Al Kα source (SPECS µ−FOCUS, resolution better
than 300 meV). The K evaporations were performed at
RT from a SAES getter source in a pressure better than
5 × 10−10 mbar.
Ab-initio calculations are based on DFT as imple-
mented in the fully relativistic spin-polarized relativis-
tic Korringa-Kohn-Rostoker (SPR-KKR) theory40. The
electronic structure of a semi-infinite surface of α-GeTe
is described, including all relativistic effects, by the Dirac
equation, which is solved using screened KKR formalism.
The local density approximation based potentials were
treated within the atomic sphere approximation and for
the multipole expansion of the Green function an angu-
lar momentum cutoff lmax=3 was used. The structural of
Te-terminated surface has been taken from the structural
relaxation presented in the work of Krempasky´ et al.38.
The electronic structure of semi-infinite α-GeTe is rep-
resented by means of Bloch spectral function (BSF), i.e.
imaginary part of the KKR Green function.
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FIG. 1. (a) Crystal structure of α-GeTe along the [111]
crystallographic direction (right) and the corresponding pro-
jection in the (111) atomic plane (bottom left). The two-
dimensional (2D) unit cell (green rhombus) parameter is ex-
tracted from X-ray diffraction measurements41. (b) Corre-
sponding three-dimensional (3D) Brillouin zone (BZ) and its
2D projection in the (111) plane (blue). (c) STM image of
the bare α-GeTe(111) surface (U = -1.5 V, I = 0.15 nA) and
associated LEED pattern in the top right corner. The 2D unit
cells in real and reciprocal space are indicated in green. (d)
STM image of the α-GeTe(111) surface covered by 0.09 ML
of K (U = -1.5 V, I = 0.15 nA) and the associated LEED
pattern in the top right corner.
III. RESULTS
The crystal structure of α-GeTe(111) is shown in the
right part of Fig. 1(a) (space group R3m). It corre-
sponds to a stacking of ”bilayers” i.e. sequences of Te
and Ge planes (see black-dashed rectangle) along the
rhombohedral [111] crystallographic direction. The dis-
tance between the planes of Te and Ge within the same
”bilayer” is smaller than the one between two ”bilay-
ers”. This large rhomboedral lattice distorsion, which is
equal to about 10 % of the lattice parameter36, provides
the ferroelectric order. The (111) cut of α-GeTe corre-
sponds either to a Te or Ge terminated plane, leading
either to an upward or a downward ferroelectric polar-
isation at the surface. In the following, we address the
band dispersion of the surface states of a Te-terminated
α-GeTe(111) surface, which is predicted to be energeti-
cally most favorable42.
To this end, we have annealed our capped sample at
500 K in order to recover a fresh surface. The result-
ing surface has first been characterised by STM and
LEED, as shown in Fig. 1(c). This panel shows an
atomically-resolved STM image of the (111) surface of α-
GeTe. It reveals hexagonally well-arranged atoms with
an interatomic distance estimated as (4.1 ± 0.2) A˚, in
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FIG. 2. ARPES spectra along the K¯− Γ¯−K¯ high-symmetry line of the 2D BZ (left) and the corresponding energy-distribution
curve (EDC) taken at k = 0 (right) for (a) bare α-GeTe(111) and (d) K/α-GeTe(111). Associated constant energy surfaces
taken at E − EF = 0 meV and E − EF = 50 meV for (b,c) bare α-GeTe(111) and (e,f) K/α-GeTe(111).
good agreement with the STM image simulated by DFT
calculations of a pristine Te-terminated surface of α-
GeTe(111) in the work of Deringer et al.42. Further-
more, the LEED measurements exhibit a sharp (1 × 1)
hexagonal pattern, demonstrating the long-range surface
order and the expected crystal symmetry after the des-
orption procedure. The chemical composition of our Te-
terminated α-GeTe(111) surface was also cross-checked
by XPS measurements that show negligible surface con-
taminants, sharp Ge 2p and Te 3d core levels and only
residual traces of Se capping layer remaining from the
decapping procedure (see Fig. 4 in the Appendix).
The electronic band structure of α-GeTe(111) mea-
sured by ARPES is shown in Fig. 2(a-c). ARPES in-
tensity along the Γ¯ − K¯ direction (see the 2D BZ in
Fig. 1(b)) exhibits all the spectroscopic signatures of
a clean Te-terminated surface. Due to spectral broad-
ening, the bulk states B1 and B2 are smeared out
with their surface resonances SR1 and SR2
36,43. We
also resolve the surface states SS1 and SS2, forming
characteristic ”snowflake” constant energy surfaces at
E − EF = 0 meV (Fig. 2(b)) and E − EF = 50 meV
(Fig. 2(c)), in very good agreement with measurements
and calculations for Te-terminated α-GeTe(111)36,37,43.
Based on our STM, LEED, XPS and ARPES results, we
conclude that our α-GeTe(111) surface is very well or-
dered and Te-terminated, both at the atomic and macro-
scopic scales.
Subsequently, we have deposited K atoms on the
α-GeTe(111) surface. Fig. 1(d) displays the correspond-
ing STM image where the K adatoms are clearly distin-
guishable as large and bright protrusions. The coverage is
estimated as (0.09± 0.01) monolayer (ML) (one ML cor-
responds to one K atom per alpha-GeTe(111) surface unit
cell). A (1×1) hexagonal pattern is still visible in LEED
but with a more pronounced diffuse background. This
background is due to the randomly organised K atoms
at the surface, without any coherent surface reconstruc-
tion, as visible in the STM image. The (1×1) pattern in
LEED is due to the α-GeTe(111) sublayer, which is not
distinguishable in the STM topography.
Let us now discuss the evolution of the electronic band
structure after K adsorption. A freshly K-doped surface
with identical doping and spectroscopic features to the
one corresponding to 0.09 ML of K was obtained after an
annealing at 500 K of a K-saturated α-GeTe(111) surface.
This point is discussed in the Fig. 5 of the Appendix,
in particular by means of work function measurements.
The electronic band structure of K/α-GeTe(111) along
the Γ¯ − K¯ high-symmetry direction (see Fig. 2(d)) ex-
hibits sharp dispersions where bulk states are unchanged
but the surface states SS1 and SS2 are rigidly shifted
down to EF with respect to the undoped surface. The
upper part of the SR1+B1 and SR2+B2 branches is also
slightly shifted to high binding energy, as visible around
k = − 0.1 A˚−1. This is likely due to a small shift of
the surface resonances which are now quasi-degenerate
with the bulk states close to EF , in contrary to the
α-GeTe(111) case43. In the case of bare α-GeTe(111),
SS1 and SS2 respectively cross EF at kF,1 = − 0.395 A˚−1
and kF,2 = − 0.270 A˚−1 whereas for K/α-GeTe(111),
kF,1 = − 0.350 A˚−1 and kF,2 = − 0.225 A˚−1. This
4E 
- E
F (
eV
) 
-
+
In
te
ns
ity
 (a
.u
.) 
(b)
SS
2
SS
1
E 
- E
F (
eV
) 
80 meV
B
1 +SR
1
B
2 +SR
2
0.0
0.2
-0.2
-0.4
kГ-K (Å-1)
0.0 0.5-0.5
0.5
kГ-K (Å-1)
0.0 0.5-0.5
kГ-K (Å-1)
0.0 0.5-0.5
kГ-K (Å-1)
0.0 0.5-0.5
kГ-K (Å-1)
0.0 0.1 0.2 0.3 0.4
SS
2
SS
10.0
0.2
-0.2
-0.4
0.0
0.2
-0.2
-0.4
0.0
0.2
-0.2
-0.4
(b)K / GeTe(111) BSF GeTe(111)
K / GeTe(111) GeTe(111)
(a)
(c) (d)
SS1 SS2
B2 + SR2
Δk = 0.125 Å-1 
(e)
B2 + SR2
E = EF
E = EF - 0.08
FIG. 3. (a) Fermi-Dirac distribution divided (at RT) ARPES
spectrum along the K¯ − Γ¯ − K¯ high-symmetry line of the
2D BZ for K/α-GeTe(111) surface. Dashed-blue and red
lines correspond to guides to the eye showing the full disper-
sions of SS1 and SS2. (b) BSF calculations of Te-terminated
α-GeTe(111). (c,d) ARPES spectra of K/α-GeTe(111) and
α-GeTe(111). Solid red and blue lines are shifted by 80 meV
up to EF in (d) compared to panel (a). (e) Momentum dis-
tribution curves (MDCs) associated to the horizontal colored-
dashed lines in panels (c,d).
demonstrates that for such a low coverage the Rashba-
type splitting is unaffected, since the momentum splitting
∆k = kF,1 − kF,2 is not changed upon K doping. The
energy shift of the Rashba split surface states towards
higher binding energy is also visible from the Fermi sur-
face (see Fig. 2(e)) where the two outer arcs are localised
at lower momenta compared to the undoped surface, both
along the Γ¯ − K¯ and Γ¯ − M¯ high-symmetry directions.
Through K deposition, we therefore electron-dope the α-
GeTe(111) surface, leading to a rigid energy shift of the
surface states down to the occupied states44,45.
A direct consequence of the rigid energy shift of the
surface electronic structure is the emergence of CPSS at
normal emission and EF , related to pure surface states,
as highlighted by a black arrow in Fig. 2(d). It corre-
sponds to the crossing of SS1 and SS2 which are degen-
erate at k = 0, as expected in a Rashba scenario due
to the TRS conservation (Kramers degeneracy theorem).
This CPSS is not visible for the bare α-GeTe(111), be-
cause it occurs at too high energy in the unoccupied part
of the band structure. We have plotted energy distribu-
tion curves (EDCs) taken at the Γ¯ point, i.e. at k = 0,
of the bare and K-doped α-GeTe(111) surfaces in the
right-hand side of Fig. 2(a) and Fig. 2(d), respectively.
In the case of α-GeTe(111), the EDC exhibits one domi-
nant contribution, associated to the CPB+SR of bulk and
surface resonance states, also denoted by a black arrow
in Fig. 2(a). In the K-doped case, there are two contri-
butions: again the CPB+SR but also the bottom of the
surface states. The CPSS is not distinguishable in the
EDC because of the Fermi edge cut-off. As we will see
below, it is possible to overcome this by dividing by the
Fermi-Dirac distribution. Finally, the Fermi surface map
(see Fig. 2(e)) is accordingly modified: some spectral
weight appears exactly at the center of the ”snowflake”
at Γ¯, forming a single point. Looking above EF , e.g. at
EF + 50 meV (see Fig. 2(f)), this point becomes a ring
corresponding to the lifting of degeneracy of the surface
states away from the Γ¯ point. Thus the experimental
band dispersions summarized in Fig. 2 indicate that, in
contrast to earlier studies34, surface states are not de-
generate with bulk states at the Γ¯ point. Moreover, the
CPB+SR are not affected by surface electronic doping be-
cause they remain located around 180 meV below EF as
previously reported36.
Taking advantage of the well-defined band dispersions
obtained at RT after K adsorption, we next divide the
raw data of Fig. 2(d) by the Fermi-Dirac distribution,
a well known procedure used to gain access to the ther-
mally occupied band structure in the range of a few tens
of meV above EF . It is particularly pertinent at RT
because the width of the Fermi edge is approximately
equal to 100 meV. Fig. 3(a) displays the correspond-
ing result. The detailed dispersion of the surface states
is now evident, in particular their CP at EF and their
linear dispersion in the vicinity of the Γ¯ point. Guides
to the eye are represented as red and blue dashed lines
to highlight the two spin-polarised surface states SS1
and SS2. In the present case, low-temperature measure-
ments are not beneficial because they reduce our access
to the thermally occupied part of the band structure (see
Fig. 6 in the Appendix).
In order to obtain the energy position of the CPSS in
bare α-GeTe(111), Fig. 3(c,d) show ARPES spectra for
K/GeTe(111) and the bare surface with guides to the eye
respectively shifted by 0 and +80 meV in comparison to
panel (a). For this size of rigid shift, the guides to the eye
also fits very well to the surface states in the bare surface
case. To confirm this, we have extracted momentum dis-
tribution curves (MDCs) for pertinent binding energies in
Fig. 3(e). The MDCs are plotted at EF for α-GeTe(111)
5(red line) and at 80 meV below EF in the K/α-GeTe(111)
case (blue line). They exhibit similar surface states
contributions, with a comparable Rashba-type splitting
(∆k = 0.125 A˚−1), but different bulk/surface resonance
ones. Indeed, whereas the MDC associated to the
bare surface (red line) shows only one broad contribu-
tion centered at k = + 0.062 A˚−1 for B2+SR2, the one
of the K-doped surface (blue line) exhibits two com-
ponents, respectively centered at k = + 0.030 A˚−1 and
k = + 0.165 A˚−1. This not only demonstrates that upon
K adsorption the bulk band structure is not modified but
also shows that the effect of K is to rigidly shift the sur-
face states down to the EF by 80 meV, value obtained
by matching the momentum positions of SS1 and SS2 in
the blue and red MDCs. Overall, our analysis allows us
to obtain the energy position of the surface states in bare
α-GeTe(111) and conclude that their CP is positionned
around 80 meV above EF .
Finally, our observations are in excellent agreement
with BSF calculations performed on a Te-terminated
α-GeTe(111) surface, as shown in Fig. 3(b). Indeed, the
dispersion of the surface states is well reproduced by the
simulations, especially their ”V shape” above the CP at
Γ¯ and their non-parabolic character, remarkably different
from nearly free electrons dispersion. The energy posi-
tion of the CPSS is theoretically estimated to be 70 meV
above EF , in very good agreement with our experimental
findings.
IV. CONCLUSIONS
In summary, direct measurement of the Rashba split
surface states of α-GeTe(111) has been experimentally
realised thanks to K doping, in excellent agreement with
state-of-the-art band structure calculations. We report
the detailed dispersion of these states in the vicinity of
the Γ¯ point, confirming the existence of their CP in the
bulk band gap and by consequence the associated Rashba
scenario with TRS conservation. We also present the
definitive proof that the CP of the surface states is lo-
cated in the unoccupied part of the band structure, a
finding which were not properly etablished from previous
experimental and theoretical works34,37. Furthermore,
we show that the surface states shift in energy upon K
doping, but not the bulk states. By consequence, we
can conclude that the shift of the surface states is not
the result of band bending and that they are decoupled
from the bulk states. We also find that K doping does
not affect their Rashba splitting. These results clearly
prove that the intrinsic origin of the giant Rashba split-
ting of the surface states of α-GeTe(111) is largely arising
from the inversion symmetry breaking in the bulk. If it
would be merely a surface effect, the Rashba splitting of
the surface states should significantly change upon sur-
face doping. Our work is therefore an important step
for the understanding of the electronic band structure of
α-GeTe(111), which is a promising material for multi-
functional spintronics devices. It opens the way for fu-
ture investigations of the full spin texture of the surface
states via spin-resolved ARPES around Γ¯. Finally, our
results call for additional studies of both the unoccupied
band structure and the electron dynamics of the system
via time-resolved ARPES measurements, in particular
the study of the potential relaxation channels of the elec-
trons from the conduction band to the surface states.
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APPENDIX
1. X-ray photoemission spectroscopy
Fig. 4 displays the XPS spectrum of the bare
α-GeTe(111) surface, obtained after the desorption of the
capping layer. It mainly exhibits the Ge 2p and Te 3d
core levels, with weak secondary electrons and contami-
nants signals, demonstrating the quality of the surface.
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FIG. 4. XPS spectrum of the α-GeTe(111) surface obtained
after the initial desorption procedure to remove the capping
layer. The photon energy is hν = 1486.6 eV.
2. Extended data and sample characterisation
Hereafter, we discuss how we have obtained the sample
corresponding to the ARPES data on the K/α-GeTe(111)
surface presented in the main text. We started from a
bare α-GeTe(111) sample which has been characterised
with LEED, ARPES, work function measurements and
XPS. The corresponding data are shown in Fig. 5.
6LEED, ARPES and XPS have been discussed in the main
text. The work function measurement of the material
is done by applying a bias of -8 V and measuring the
energy cut-off of the secondary electrons (Evac). The
work function of the material is given by the formula:
Φ = hν − (EF − Evac), with EF defined as the kinetic
energy of the electrons at the Fermi level. By doing such
a measurement on α-GeTe(111), we extract a value of
4.7 eV, well above the K bulk value (1.8 eV). So, we are
expecting an electron transfer from the K adatoms to the
α-GeTe(111) surface.
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FIG. 5. Series of LEED patterns (top) and ARPES spectra
(bottom) along the K¯ − Γ¯ − K¯ high-symmetry line of the
2D BZ for (a) α-GeTe(111), (b) α-GeTe(111) with 1 min of
K deposition, (c) α-GeTe(111) with 10 min of K deposition
and (d) α-GeTe(111) with 10 min of deposition followed by
an annealing at 500 K. Note that the spectra from panels (a)
and (d) have been measured with better statistics and with
a smaller energy step compared to panels (b) and (c). (e)
Corresponding low-energy cut-off of the secondary electrons
as probed by HeIα photoemission by applying a voltage bias
of -8 V to the sample surface.
After 1 min of potassium deposition (0.09 ML esti-
mated using STM), the LEED pattern is more diffuse
and the ARPES data exhibit a shift of 80 meV of the
surface states down to the Fermi level, without any mod-
ification of the bulk states (Fig. 5(b)). As expected, we
observe a reduction of the work function down to 4.0 eV
(Fig. 5(e)). Increasing the amount of potassium at the
surface by a factor of ten, i.e. 10 min of deposition, leads
to the loss of both the LEED spots and the ARPES band
structure (Fig. 5(c)), and to a decrease of the work func-
tion down to 3.4 eV.
By further annealing at 500 K, we recover the same
LEED and ARPES data as those obtained after 1 min of
deposition (Fig. 5(d)) and work function value of 4.0 eV.
This demonstrates that the annealing procedure allows
for recovering an electron doping level of the K-saturated
α-GeTe(111) surface identical to the one obtained after
1 min of K deposition.
3. ARPES as a function of the temperature
To show the temperature dependence of the band
structure of α-GeTe(111) and K/α-GeTe(111), Fig. 6
displays ARPES measurements taken at RT and at
T = 80 K. As it can be seen, the dispersions of the sur-
face, bulk and surface resonance states are the same. The
only effects of lowering the temperature are to reduce
both the spectral broadening and the width of the energy
region in the thermally occupied part of the band struc-
ture that can be probed thanks to the thermal broaden-
ing of the Fermi edge.
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FIG. 6. Temperature-dependent ARPES measurements along
the K¯ − Γ¯ − K¯ high-symmetry line of the 2D BZ, at RT for
(a) α-GeTe(111) and (b) K/α-GeTe(111) and at T = 80 K
for (c) α-GeTe(111) and (d) K/α-GeTe(111).
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